Background: Whole-genome sequencing (WGS) is becoming an increasingly important tool for detecting genomic variation. Blood derived DNA is the current standard for WGS for research or clinical purposes but may not always be feasible to acquire. The usability of DNA from saliva for WGS is not known. We compared the quality of WGS between blood versus saliva derived DNA.
Background
As the cost of sequencing continues to decrease, whole genome sequencing (WGS) is being increasingly used for both research and clinical applications to study the role of genetic variation in human disease. The use of blood derived DNA is the current standard for WGS. Published studies report that saliva-derived DNA can be used for array genotyping [1] and whole-exome sequencing [2] as long as the quantity of human DNA in each sample is sufficient. Wall et al. [3] reported finding no differences in sequencing quality or variant call error rate between blood and saliva samples for both whole exome sequencing (WES) and WGS. However, there have been very few studies comparing WGS results from paired blood and saliva-derived DNA.
The advantages of using saliva for sequencing are the ability to get a sample non-invasively in participants who decline blood collection, the ability to mail saliva collection kits to remote locations without requiring participants to visit a phlebotomy center, and stability of saliva samples for years at room temperature without the need for immediate DNA extraction, thereby allowing local storage and batched shipping. In addition, in patients who have been recently exposed to blood transfusions or hematopoietic stem cell transplantation from an allogeneic donor, or have significant leucopenia which can decrease the DNA yield from blood, saliva may be preferred to blood. The limitations of saliva samples are the lower DNA yield from saliva, microbial contamination if saliva is not properly collected, as well as the inability of younger children to provide saliva as per instructions.
To determine whether saliva-derived DNA can serve as an adequate substitute for blood-derived DNA, we compared WGS data from blood-and saliva-derived DNA from participants recruited into the Heart Centre Biobank Registry, a biorepository for childhood onset heart disease [4, 5] . Specifically, we compared the proportion of sequencing reads that map to non-human sources in blood versus saliva, the sequencing coverage between blood and saliva samples, and the concordance of single nucleotide variant (SNV) and copy number variant (CNV) calls between blood and saliva samples.
Methods

Study samples
Study participants were derived from the Heart Centre Biobank Registry, a multi-center biorepository that has been prospectively enrolling pediatric and adult patients with (or at risk for) heart disease since 2007 [4] . Five hundred thirty-one participants with blood derived DNA and 502 participants with saliva derived DNA undergoing WGS were analyzed. Paired blood and saliva samples from five unrelated individuals participating in the Biobank were directly compared for quality of WGS. Two (Sample Pairs 1 and 2) were female probands diagnosed with tetralogy of Fallot, a type of congenital heart disease, and three (Sample Pairs 3, 4 and 5) were male probands diagnosed with hypertrophic cardiomyopathy. Samples were collected during in-hospital visits. Participants were instructed to not eat, drink, or smoke for 30 min before saliva collection, and were asked to provide at least 2 ml of saliva into the collection tube with instructions to complete saliva collection within 30 min of opening the tube. The protocol was approved by the local Research Ethics Board at SickKids Hospital. Written informed consent was obtained from each participant and/or parent/legal guardian through the Heart Centre Biobank Registry (1000011232) and study protocols adhered to the Declaration of Helsinki.
DNA quality
2-5 ml blood was collected in EDTA tubes and 2-4 ml saliva was collected using Oragene saliva kits after oral rinse. DNA was extracted from blood or saliva through Chemagic Star robotic system using a magnetic bead methodology at the SickKids Centre for Applied Genomics. Quality control checks were performed using Agarose Gel Electrophoresis and Nanodrop 2000 Spectrophotometer to verify DNA integrity. DNA quantification was measured using Qubit 3.0 Fluorometer to confirm DNA concentration. DNA samples were deemed to have met quality control (QC) thresholds if they had a single clear band on the agarose gel, a minimum DNA concentration of 20 ng/μl, and a 260/280 absorbance ratio greater than 1.3. A total of 1 μg of DNA (final volume 30 μl) at a minimum concentration of 20 ng/μl was used for WGS.
Sequencing, read alignment, and variant calling
WGS was performed using Illumina HiSeq X to a target average coverage depth of 30x and a read length of 150 bp. The resulting reads were not filtered for minimum quality in order to avoid losing possible contaminant reads. Sequencing read alignment was done using Isaac Aligner to human genome build hg19. Short variant i.e. single-nucleotide variant (SNV) and small insertiondeletion (indel) calling was performed using Isaac Variant Caller with default parameters. To interpret variant pathogenicity, we implemented a variant prioritization pipeline based on the 2015 American College of Medical Genetics and Genomics (ACMG) variant interpretation criteria [6] . SNVs identified as pathogenic or likely pathogenic by the pipeline were manually confirmed for pathogenicity. Copy number variants (CNVs) were called using Control-FREEC [7] for Sample Pairs 1 and 2 or Canvas [8] for Sample Pairs 3, 4, and 5.
Down-sampling
In order to account for possible bias resulting from differing numbers of reads between blood and saliva samples, each sample was randomly reduced to 730 million reads using samtools (version 1.4.1) [9] . All subsequent analyses on each pair of blood and saliva sequencing datasets were performed in complete datasets and in down-sampled datasets.
Gene sets and regions
We compiled a list of 826 cardiovascular disorderassociated (CVD) genes which included genes represented in commercially available cardiovascular disease gene panels and previously published genes known to be associated with congenital heart disease, cardiomyopathy, and other cardiovascular diseases [10] . The genomic regions covered by the canonical transcripts for CVD genes, as well as for all genes, were obtained from the Consensus CDS (CCDS) database [11] [12] [13] (see Additional file 1: Table S1 for genomic positions of all CCDS transcripts and Additional file 1: Table S2 for genomic positions of CVD gene transcripts). For any CVD genes lacking transcripts in the CCDS database [11] [12] [13] , we used the transcript start and end positions from Ensembl GRCh37 release 93 [14] .
Statistical analysis Microbial contamination analysis
To find the extent of microbial contamination, we extracted the set of reads from each sample marked as unmapped to the hg19 reference genome using samtools (version 1.4.1) [9] . Then, using FastQ Screen (version 0.11.4) [15] running BWA (version 0.7.15) [16] , we remapped the unmapped reads to the human reference genome hg19 and the microbial sequences from the Human Oral Microbiome Database (HOMD) [17] and compared the proportion of previously unmapped reads that remapped to the human genome versus the microbiome.
Coverage comparison
We analyzed genome-wide sequencing coverage for each WGS dataset using the genomecov command from the bedtools toolset (version 2.25.0) [18] on the aligned reads. We also used the coverage command from the bedtools toolset to find sequencing coverage within the regions covered by all canonical CCDS transcripts [11] [12] [13] and the canonical CCDS transcripts for the 854 CVD genes. All three analyses provided a coverage profile with the number of nucleotides covered at all sequencing depths for comparison between paired samples. We used the cumulative sum for each coverage profile to determine the number of positions covered at or greater than target depth and generated the curves for the cumulative coverage data using the statistical software R (version 3.5.1) [19] . We calculated the proportion of the genome covered at a minimum 20x coverage. Then, we used a paired t-test on the percentage of the whole genome, CCDS transcripts [11] [12] [13] , and CVD gene transcripts covered at 20x or greater in order to find whether coverage in blood was significantly different from coverage in saliva.
Variant comparison
We used the view command from bcftools (version 1.4.1) [20] to filter the short variant calls in order to only retain SNVs, then the isec command to find the intersections of all SNVs called in each blood and saliva sample pair. We annotated SNVs unique to either blood or saliva with snpEff (version 4.3) [21] to computationally predict variant effects. We repeated this for SNVs falling within canonical CCDS transcripts [11] [12] [13] and within the canonical CCDS transcripts for the 854 CVD genes. Finally, we repeated each of the previous comparisons for rare SNVs, i.e. those that were absent or occurred at a minor allele frequency (MAF) of less than 1% in the Genome Aggregation Database (gnomAD) [22] . All SNVs, CNVs, and rare SNVs were compared for concordance between paired blood and saliva samples. Where clinical genetic test results had identified a pathogenic variant, we compared the detection rate of these known variants in blood versus saliva samples. In addition, we compared the proportion of variants that were concordant between paired blood and saliva and the types of variants, i.e. variants in exonic, intronic, intergenic, pseudogene regions, or causing gene fusions between blood and saliva. In order to find the concordance between CNVs called in each blood and saliva sample pair, we used the intersect command from bedtools (version 2.25.0) [18] in order to find which CNVs in each sample had > 50% overlap with at least one other CNV called in its counterpart.
Results
Since the launch of the Heart Centre Biobank Registry in 2007, 7408 participants were recruited. Five hundred thirty-one blood and 502 saliva samples from recruited participants had DNA quality assessed prior to WGS for different research projects. Average DNA quality metrics for the blood and saliva samples are shown in Table 1 . Overall, DNA from 46% saliva samples failed QC requirements for WGS and were not sequenced compared to only 6% QC failure for DNA from blood samples. The 5 paired blood and saliva samples passed quality metrics and showed comparable DNA quality between blood and saliva.
Microbial contamination analysis
An average of 95.5% of all WGS reads from blood samples and 82.6% of reads from saliva samples initially mapped to the hg19 human reference genome. Of the unmapped reads, 2.6% from blood and 2.5% from saliva samples re-mapped to the hg19 human reference using FastQ Screen [15] and BWA [16] , 0.09 and 10.7% from blood and saliva respectively mapped to the human oral microbiome, and 1.05 and 1.03% of reads from blood and saliva respectively mapped to both hg19 and the human oral microbiome. Therefore, read mapping to the hg19 human reference genome was effective in excluding most of the reads from the human oral microbiome. The proportion of final mapped and unmapped reads in each sample are summarized in Fig. 1 . Although a higher proportion of reads from saliva samples mapped exclusively to the human oral microbiome compared to blood samples, this difference was not statistically significant based on a paired t-test (p = 0.13). Of note, saliva sample 5 had the highest proportion of reads mapping to the human oral microbiome compared to the other samples. After excluding it, the final proportion of reads mapping to hg19 increased to 98.2% in blood and 93.8% in saliva.
Coverage analysis
The reported mappable mean depth of coverage was more than 30x for all of the blood samples and 4 of the 5 saliva samples ( Table 2 ). Saliva sample 5 had a lower mean depth of 22.6x. This was seen despite the DNA quality metrics being acceptable in saliva sample 5, which had a DNA concentration of 280 ng/μL, and a 260/280 absorbance ratio of 1.88. Excluding pair 5, the proportion of the genome with at least 20x coverage for all reads ranged from 93 to 96% for blood genomes and 1 Proportion of reads mapping to the human reference genome hg19 and/or human oral microbiome for 5 blood and saliva pairs. Saliva sample 5 showed a high level of microbial contamination from 85 to 94% for saliva genomes (p = 0.07). The proportion of the genome with at least 20x coverage for 730 M randomly down-sampled reads ranged from 91 to 94% for blood genomes and from 84 to 94% for saliva genomes (p = 0.19). The proportion of CCDS transcript regions with mean coverage of at least 20x was 94.7% for blood and 92.5% for saliva (p = 0.12). The proportion of samples with mean coverage of at least 20x within the subset of transcripts for the 854 CVD genes was 96.9% for blood and 94.6% for saliva (p = 0.08). Therefore, saliva samples had overall adequate depth of coverage which was not significantly different from coverage in blood. The genome-wide cumulative coverage plots for the 5 paired samples, for all reads and the set of 730 M down-sampled reads, are displayed in Figs. 2 and 3 . The cumulative coverage in Consensus CDS (CCDS) transcripts [11] [12] [13] for all reads and 
Variant yield between blood and saliva All SNV concordance
In light of a lower proportion of reads from saliva mapping to the human reference genome, we compared if variant yield was also lower in saliva than in blood. The average SNV yield in blood was 3.71 M and in saliva was 3.68 M (see Additional file 1: Table S3 ). In addition, the proportion of SNVs called in blood that were also detected in the paired saliva sample was > 95% for genomewide calls, for SNVs in all CCDS transcripts [11] [12] [13] , and for SNVs in CVD genes (see Fig. 4 ). Of the discordant SNVs, i.e. SNVs unique to either blood or saliva, only 0.6% were exonic; the remainder included 27% intronic, 65% intergenic, and 6.5% within a pseudogene (see Additional file 1: Table S3 ). There was no difference in the types of unique SNVs between blood and saliva samples.
Rare SNV concordance
Proportion of rare SNVs in blood i.e. MAF < 1% that were also detected in saliva genomes was lower but over 85% as shown in Fig. 5 . The average SNV concordance between blood and saliva genomes was 90.4 ± 3% genome-wide, 93.2 ± 2% in all CCDS transcripts [11] [12] [13] , and 93 ± 2% in CVD genes. Further, rare pathogenic variants and variants of uncertain significance (VUS) identified on previous clinical genetic testing in the 3 hypertrophic cardiomyopathy samples were detected in both blood and saliva whole genome pairs from these 3 patients. These included a heterozygous pathogenic missense variant in MYH7 (NM_000257.4:c.G1208A: [11] [12] [13] , and CVD gene transcripts as well as rare SNVs in the aforementioned regions, are described in Additional file 1: Tables S4-S9 .
CNV concordance
Overall there was considerable variability in CNV calling rates across both blood and saliva samples. The average number of CNV calls were 14% lower in saliva compared Fig. 4 Proportion of single nucleotide variants in saliva genomes (n = 5). The bar graph shows average proportion of all SNVs called in blood genomes that were also detected in a paired saliva sample genome-wide, in CCDS transcripts, and in CVD gene transcripts Fig. 5 Proportion of rare single nucleotide variants (MAF < 1% in general population) in saliva genomes (n = 5). The bar graph shows average proportion of all rare SNVs called in blood genomes that were also detected in a paired saliva sample genome-wide, in CCDS transcripts, and in CVD gene transcripts to blood. The average proportion of CNVs in blood that were also detected in saliva genomes was lower at 76% genome-wide, 77% in all CCDS transcripts [11] [12] [13] , and 78% in CVD genes (see Fig. 6 ). The comparison for all CNVs in each sample across the entire genome, in CCDS transcripts [11] [12] [13] , and CVD gene transcripts including shared and unique CNVs are described in Additional file 1: Table S10 . CNV detection was lowest in Sample 5 (< 60%) compared to the other 4 sample pairs.
Discussion
The advances in genomics research has increased the need for collaboration and sample sharing amongst researchers. Population biorepositories often acquire samples from participants remotely. Saliva can be stored for long periods of time and shipped at room temperature which makes sample preservation during shipping easier compared to blood. However, there has been little evidence regarding the suitability of saliva samples for WGS. The study by Wall et al. [3] found "no difference in the sequencing quality or error rate of blood and saliva samples", but they did not perform a systematic comparison of the coverage, microbial contamination, or variant concordance in paired blood and saliva samples. Our results showed that a higher proportion of saliva samples (almost 50%) may not meet the stringent QC criteria required for WGS. However for samples that do meet stringent QC criteria, the quality of WGS SNV data from saliva samples is comparable to blood samples in majority of the samples (80% in our study). Our study showed that saliva genomes derived from high quality DNA had good coverage, low microbial contamination and a 90-95% concordance for sequence variant calls, but lower than 80% for CNVs. When comparing for specific differences between paired samples, we found higher microbial contamination in saliva-derived DNA, as shown by a higher proportion of short-read mapping to the sequences from the Human Oral Microbiome Database (HOMD) [17] , although this was not statistically different. However, since these reads typically do not map to the human reference genome and remain unmapped during read alignment, they are not included in downstream analyses and therefore are unlikely to have a major effect on variant calling. There remains a concern that reads mapping to the microbiome in saliva samples compete with the mapping of reads to the human genome thereby reducing the resolution of human relevant sequence data. This can be addressed by increasing the target coverage depth with higher resolution sequencing. Our findings suggest that this may not be routinely required for all saliva samples since the WGS quality was comparable to blood in the majority of saliva samples. In particular, rare clinically relevant variants identified on clinical genetic testing were detectable in saliva and blood genomes from the same patients.
We further found that in 4 of the 5 pairs (80%), the proportion of the genome covered at 20x or greater was similar between blood and saliva genomes, with only 2% higher coverage in blood versus saliva at 20x both across the genome as well as within all CCDS transcripts [11] [12] [13] and CCDS transcripts for 854 CVD genes. Of note, Fig. 6 Proportion of copy number variants in saliva genomes (n = 5). The bar graph shows average proportion of all CNVs called in blood genomes that were also detected in a paired saliva sample genome-wide, in CCDS transcripts, and in CVD gene transcripts Saliva Sample 5 had a higher proportion of reads that mapped exclusively to the human oral microbiome which caused the average read coverage to drop to 22.6x, which is below the average target depth of 30x. This may reflect improper saliva collection technique with more oral microbiome contamination at the time of saliva collection, although there was no evidence of this since the agarose gel results, DNA concentration, and 260/280 absorbance ratios were comparable between the blood and saliva sample. In a similar series of comparisons involving whole exome sequencing, Zhu et al. [23] found that sequences from blood had a 3.3% higher proportion with minimum 20x coverage in blood compared to saliva but this was not significantly different. With randomly down-sampling each genomic sequence in order to ensure an equal number of reads between paired samples, there remained a nonsignificant difference in coverage between blood and saliva genomes, and this difference was lower than the difference reported in exome comparisons by Zhu et al. [23] .
Reassuringly, despite the differences in coverage and microbial contamination in one of the 5 saliva samples, WGS from saliva samples was able to detect 95% of all SNVs detected in a paired blood sample for SNVs genome-wide, within CCDS transcripts [11] [12] [13] , and within CVD gene transcripts. When comparing rare SNVs (MAF < 1%), the proportion of shared variants seen in saliva dropped to 90% for all rare SNVs, and 93% for SNVs in CCDS transcripts [11] [12] [13] and in CVD genes. This limitation needs to be kept in mind when using saliva samples for WGS. Nevertheless, it was reassuring that rare causal SNVs and VUS identified on clinical testing could still be detected by WGS in both blood and saliva samples. There were no systematic differences between functional categories of SNV calls between blood and saliva genomes.
CNV yield was more variable across blood and saliva samples with lower proportion of shared CNVs between blood and saliva -76% for all CNVs, 77% for CNVs in CCDS transcripts [11] [12] [13] , and 78% for CNVs in CVD genes. The lower CNV yield in saliva samples may be the result of the reduced coverage in the saliva sample since both Control-FREEC and Canvas utilize read depth in order to call CNVs [7, 8] . As a result, a reduction in read depth may have a larger effect on CNVs calling in a given dataset. On the other hand, the lack of a best practices pipeline for CNV calling [24] may also be a contributing factor to the observed inconsistency in CNV calls.
Conclusions
In summary, there was a higher proportion of salivaderived DNA that failed QC for WGS compared to blood-derived DNA. However, saliva DNA that met stringent QC metrics generated good quality WGS data with comparable detection of common and rare SNVs despite evidence of oral microbiome sequence in some saliva samples. Unlike SNV calls, CNV yield in saliva was lower than that in blood. Given the greater variability in DNA quality from saliva samples, it is critical to ensure proper technique for saliva collection, apply stringent QC criteria to DNA quality, and verify that target sequencing depth has been met and that at least 90% of reads map to the human genome in WGS data from saliva samples as a minimum threshold for use in downstream analysis. Use of microbiome kit and/or higher depth of sequencing may help WGS yield in samples not meeting QC metrics; however this was not explored in our study. Our findings suggest that while blood remains the preferred source of DNA for WGS, DNA from saliva samples that meets quality filters can serve as an acceptable alternative for WGS primarily for SNV calls, when blood samples are not available or not suitable.
